The genus Capsicum is cultivated in various parts of the world, with C. annuum showing high diversity and potential for ornamental purposes and genetic improvement. The aim of this work was to evaluate the combining ability and heterosis of seedling and plant traits in accessions of ornamental pepper and their hybrids. Seven accessions of C. annuum were handcrossed and twelve quantitative plant traits were evaluated. The data were subjected to analysis of variance, the Scott-Knott test and diallel analysis using Griffing's method I (fixed model). Heterosis and its components were also determined. Non-additive effects were found for seedling height, cotyledonous leaf length and width; stem diameter and chlorophyll b content. All other traits showed predominance of additive effects. Heterosis effects were found for some hybrids and UFPB134 x UFPB137, UFPB134 x UFPB390, UFPB134 x UFPB004 and UFPB099 x UFPB004 showed seedlings that are more vigorous.
INTRODUCTION
Capsicum genus belongs to Solanaceae family and there are more than 30 species in this genus. Capsicum annuum L., C. chinense Jacq., C. frutescens L., C. baccatum L. and C. pubescens Ruiz & Pav. are the cultivated species (Stommel and Bosland 2006) . The C. annuum species is the most widely commercialized species worldwide . The phenotypic diversity found in Capsicum species for plant size, leaf and fruit traits can potentially be used in breeding programs for producing fresh fruit flavorings and colorings for food industry (Stommel 2008, Mongkolporn and Taylor 2011) . This great variability enable peppers to be used as potted, bedding and garden plants and cut stems (Stommel and Bosland 2006 , Nascimento et al. 2014 , Pessoa et al. 2018 .
The ornamental use of pepper plants increased in the last years and for this particular use, plants need to be short and have a small canopy (Silva Neto et al. 2014 , Pessoa et al. 2018 . Other characteristics such as fast-growth and increased postharvest life should be selected in breeding programs for ornamental purpose (Rêgo et al. 2010 , Segatto et al. 2013 , Nascimento et al. 2015 An Acad Bras Cienc (2019) 91(4) e20180379 2 | 16
and . To increase the frequency of favorable alleles into a single genotype is the greatest challenge in a breeding program. Several methods were proposed to predict the performance of progenies in early and advanced generations (Benin et al. 2009 ). The diallel analysis is one of them and allows for parents selection, and makes it possible to understand the genetic effects in traits determination (Gonçalves et al. 2015) . The most used diallel analysis methods are those proposed by Griffing (1956) and Gardner and Eberhart (1966) . The Griffing method estimates the effects of general combining ability (GCA), which depends on the concentration of predominantly additive genes, and specific combining ability (SCA), which is dependent on the concentration of non-additive genes (Sprague and Tatum 1942 , Benin et al. 2009 , Baldissera et al. 2012 . The diallel method of Gardner and Eberhart (1966) supplies detailed information about the potential of parents per se and the heterosis manifested in their hybrids, and it is the most widely used method by plant breeders (Ledo et al. 2003 , Nascimento et al. 2014 .
The aim of the present study was to evaluate the combining ability and heterosis of seedling and plant traits in accessions of potted ornamental pepper (C. annuum L.), with the goal of identifying the best hybrids and parents to obtain new populations.
MATERIALS AND METHODS

EXPERIMENTAL SITE AND PLANT MATERIAL
The experiment was performed in a greenhouse in the Plant Biotechnology sector of the Centro de Ciências Agrárias, Universidade Federal da Paraíba (UFPB), Paraíba State, Brazil (Altitude 618 m, latitude 06° 57' 48" S and longitude 35° 41' 30" W).
Seven accessions of ornamental chili pepper (C. annuum L.) were used, belonging to the Germplasm Bank of the CCA-UFPB: UFPB001, UFPB004, UFPB77.3, UFPB099, UFPB134, UFPB137 and UFPB390 (Figure 1 ), in full diallel cross, selected based on their genetic diversity for fruit and plant traits (Pessoa et al. 2018) .
Hand crosses were performed at the preanthesis stage (Do Rêgo et al. 2012) . The floral buds were emasculated in the morning, immediately pollinated by placing the pollen from a donor plant on the stigma of an acceptor flower from another plant, identified and covered with aluminum foil to avoid contamination .
Fruits were collected when ripe, and seeds were removed.
Seeds from the seven parents and 42 hybrids were sown in polystyrene trays with 128 cells, which were filled with commercial substrate (Plantmax ® ). 
where: X ijk = observation value for a cross between the ith and jth parents in the kth replication; µ = population mean; g i and g j = GCA effect for the ith and jth parents, respectively; s ij = SCA effect for the hybrid between the ith and jth parents; r ij = reciprocal effect for the hybrid; bk = repetition effect and e ijk = experimental error. Significant differences between GCA, SCA and reciprocal effects were tested using the F test.
GARDNER AND EBERHART
Heterosis analysis was performed using the Gardner and Eberhart (1966) method. The variety effect (v) was also estimated for each parent using this method. Variety effects and heterosis components, for generation k, were estimated using the following statistical model:
where: Y ij = observed mean value of the parent (i = j) or hybrid combination (i ≠ j); μ = mean of varieties; v i = effect of i variety; v j = effect of j variety; h = mean heterosis effect; h i = effect of i variety heterosis; h j = effect of j variety heterosis; s ij = effect of specific heterosis; ē ij = mean experimental error; and θ = 0, when i = j, and θ = 1, when i ≠j.
The heterosis estimate was calculated in relation to the parents' means and heterobeltiosis, which is the heterosis in relation to the parent with best average performance, was calculated as well. The following equations 3 and 4 were used:
Where H is heterosis; F 1 is hybrid mean; PM is parents mean; Hb heterobeltiosis and SP is superior parent mean.
RESULTS
There were significant differences among treatments for all evaluated traits (p≤0.01), except for stem diameter. The coefficient of variation (CV) varied from 7.7% for canopy width to 44.0% for cotyledonous leaf length (Table I ). According to the Scott-Knott test, seedling height presented the highest variability (seven groups); followed by the first bifurcation height (six groups), cotyledonous leaf width, canopy width and plant height (five groups), hypocotyl diameter and leaf width (four groups) and all the other traits formed two groups.
Parent UFPB134 On the other hand, SCA was not significant for cotyledonous leaf length, stem diameter and leaf length. The reciprocal effect was significant for all traits except for cotyledonous leaf length (Table I ). There was predominance of non-additive effects for seedling height, cotyledonous leaf length, cotyledonous leaf width; stem diameter and chlorophyll b content. All other traits showed predominance of additive effects (Table I) .
The selection based on GCA effects (ĝ i ) for plant traits confirmed the results found in means grouping for all evaluated traits (Table III) .
Regarding the SCA effects, the indicated hybrids to select dwarf plants are: UFPB390 x UFPB001, UFPB004 x UFPB001, UFPB004 x UFPB099
and UFPB004 x UFPB77.3 (Table III) (Table SII ). (Table IV) .
DISCUSSION
ANALYSIS OF VARIANCE AND MEAN GROUPING
The numbers of groups formed for seedling and plant traits indicated variability among the parents and hybrids and that it is possible to obtain gains in a breeding program selecting genotypes in this population. Similar results were found by several authors , Silva Neto et al. 2014 , Costa et al. 2016 . Based on seedling traits, the hybrids UFPB134 x UFPB390, UFPB004
x UFPB390 and UFPB004 x UFPB001 should be selected for seedlings that are more vigorous since their morphometric traits are related to seedling quality (Barroso et al. , 2017 . The genotypes UFPB001, UFPB004, UFPB77.3, UFPB099 and UFPB134 are promising for ornamental use as potted plant because of their reduced plant height (Table SII) . To decrease plant height, the selection of dwarf plants is recommended (Silva Neto et al. 2014 , Nascimento et al. 2014 . In addition to plant height, canopy width is also a highly relevant trait to optimize plant growth. Silva Neto et al. (2014) found five or six mean groups with canopy width from 14.0 to 17.0 cm, which is similar to our results. According to Barroso et al. (2011), plants with 22.5 to 26.5 cm height and 24 to 27 cm canopy width are desirable as potted ornamental pepper.
GRIFFING
For almost all characters both additive and nonadditive effects influenced the performance of genotypes (Table I) . Additive effects were predominant in the genetic control of hypocotyl diameter, plant height, first bifurcation height, canopy width, leaf length, leaf width and chlorophyll a content. Then, breeders can select for these traits in early segregating generations (Medeiros et al. 2014 , 2017 . An effective way to decrease or increase these traits could be achieved through repeated backcrosses and selection of desirable recombinants from segregating populations or even by recurrent mass selection that increase the frequency of favorable alleles due to the significant additive gene effects found in this work.
An Acad Bras Cienc (2019) 91(4) e20180379 7 | 16 The non-additive gene effects (dominance and/or epistasis) played a more important role than additive effects in seedling height, cotyledonous leaf length and width and chlorophyll b content (Table I) . Ferreira et al. (2015) reported similar results for seedling traits and these results suggest the possibility of vigor hybrid exploitation because of the significant non-additive effects found. Except for cotyledonous leaf length and stem diameter, all traits showed reciprocal effects, demonstrating differences when a given genotype is used as male or female. This fact indicated that maternal effect genes may be involved in the genetic control of these traits and that improvements may be obtained by inverting the parent cross order. This can also be due to genetic cytoplasmic factors, as found earlier (Rêgo et al. 2009, Rêgo and .
Some parents are more promising than others for the development of superior populations. Based on estimates for the combining ability effects genitor UFPB134 must be involved in the hybrid combinations for seedling traits and parents UFPB001 and UFPB099 must compose the hybrid combinations for improving plant traits. Desirable recombinants can be selected in segregating populations, which increase the frequency of favorable alleles (Silva Neto et al. 2014 , Nascimento et al. 2014 . According to Rêgo et al. (2009) , good general combiners showed better mean performance, indicating that the parent may be selected either on the basis of GCA, mean performance or by combination of them. Afterwards, crosses showing desirable S ij and a parent with a good general combining ability should be used in breeding programs for potted ornamental peppers (Table III) .
Leaf traits (length and width) are important for a harmonious plant shape and the hybrids UFPB134 x UFPB137, UFPB134 x UFPB390, UFPB134 x UFPB77.3, UFPB137 x UFPB134, UFPB390 x UFPB134, UFPB390 x UFPB77.3, UFPB77.3 x UFPB134 and UFPB77.3 x UFPB137 are indicated for selection. Similar results were found by Nascimento et al. (2012) for leaf traits of ornamental pepper, and they suggested that the genotypes presenting the smallest leaves should be preferred. Parents and hybrids that present higher leaf chlorophyll a and b concentrations are indicated for selection because the plant growth and adaptability to different environments are closely related to light capture and photosynthesis. Pessoa et al. (2018) found different contents for chlorophyll a and b among genotypes in ornamental peppers, suggesting the selection of plants with higher levels of chlorophyll.
GARDNER AND EBERHART
Heterosis was significant for all traits, except for leaf length and stem diameter. Besides this, specific heterosis was significant for all traits excepting cotyledonous leaf length, leaf length and width, and chlorophyll a and b contents and then it is possible to explore heterosis or heterobeltiosis (Table IV) . Significant specific heterosis indicates that nonadditive effects on trait expression are important. Non-additive effects were also predominant for seedling traits as highlighted by the Griffing diallel analysis. Significant specific heterosis can indicate complementation between pairs of parents in crosses and this helps to improve the performance of specific hybrids (Oliveira et al. 2014 , Benin et al. 2009 ).
Fast-growing pepper seedlings may be transplanted earlier, decreasing production costs and time (Barroso et al. 2012) . Less vigorous plants can lead to death and affect the plant stand causing profit loss to nursery owners. However, less vigorous seedling will not affect the plant traits since there was no genotypic correlation among seedling traits and plant height (data not shown). In addition to differences in seedling traits, different genotypes showed differences in all traits evaluated, indicating An Acad Bras Cienc (2019) 91(4) e20180379 11 | 16 -38.46 -49.29 -16.60 -18.25 -14.87 -27.17 -14.32 -21.93 390 x 134 -35.64 -44.44 -22.79 -26.06 -40.80 -47.14 -33.37 -36.82 390 x 137 -45.32 -46.47 -11.55 -14.61 -36.28 -37.93 -46.08 -47 -14.95 -20.59 -7.42 -14.37 -11.82 -11.82 -28.43 -33.80 390 x 004 -33.34 -42.66 -35.44 -40.64 -25.46 -34.11 -27.48 -39.76 390 x 099 -31.59 -42.66 -15.62 -16.92 -24.15 -33.64 -23.50 -28 .00
An Acad Bras Cienc (2019) 91(4) e20180379 12 | 16 the possibility of selecting them (parents and hybrids) according to traits of interest. Differences in heterosis and parent effects on plant traits were also observed among genotypes. This variability is essential to plant breeders because there is no plant improvement without it. Variability enables the selection of superior genotypes (Rocha et al. 2014) and heterosis (hybrid vigor) has been extensively explored for the improvement of several crops and development of new populations through crosses (Mendes et al. , Rêgo et al. 2009 . According to Nascimento et al. (2011) higher negative heterosis and heterobeltiosis for plant size in ornamental pepper are desirable since the hybrids will be smaller than their parents means. Beside this, dwarf plants are indicated for ornamental purposes because they are ideal for growth in pots (Barroso et al. 2012 , Rêgo et al. 2009 . Rêgo (2016, 2018) related that pepper could be grown in either pots or gardens, with small plants being recommended for cultivation in pots and large ones for exterior environments as gardens. In addition, ornamental pepper for growth in pots should have small leaves, which turns flowers and fruits more visible, making potted pepper plants more attractive to the consumer (Ferreira et al. 2015) .
CONCLUSION
Crosses showing desirable S ij and a parent with a good general combining ability should be used in breeding programs to potted ornamental peppers. The Griffing diallel analysis showed that the genitor 134 was a good parent with positive GCA effects for seedling traits and the parent with major values of g i for cotyledonous leaf width was the UFPB099. Therefore, both genotypes should compose the hybrids to continue improving seedling traits in a breeding program. Genitors UFPB134, UFPB 001 and UFPB099 are indicated to decrease plant size as they are involved in almost all hybrids combinations with the best SCA values. Based on these findings, hybrids UFPB390 x UFPB001, UFPB004 x UFPB001, UFPB004 x UFPB099 and UFPB004 x UFPB77.3 can be used as new hybrid cultivars. In fact, additive effects were important in the genetic control of plant traits and can used for improving C. annuum. Recurrent selection or mass selection might lead to releasing new varieties with reduced plant size. For those traits in which nonadditive variances were important (seedling traits), there was an additional opportunity for developing F 1 hybrid with high heterobeltiosis. Finally, our results clearly show potted ornamental pepper varieties can be developed through hybrid breeding in C. annuum.
